Hydrogen sulfide (H2S) is an endogenously produced signaling molecule that can be cytoprotective, especially in conditions of ischemia/reperfusion injury. However, exposure to exogenous H2S can be toxic, perhaps due to unregulated activation of endogenous H2S signaling pathways. We use the nematode C. elegans to define mechanisms that mediate the physiological effects of H2S in animals. We have previously shown that in C. elegans the hypoxia inducible factor (hif-1) coordinates the initial transcriptional response to H2S and is essential to survive exposure to low concentrations of H2S. In this study, we performed a forward genetic screen to identify mutations that suppress the lethality of hif-1 mutant animals in H2S. The mutations we recovered do not suppress embryonic lethality or reproductive arrest of hif-1 mutant animals in hypoxia, nor can they improve viability of hif-1 mutant animals exposed to hydrogen cyanide, indicating that these are specific for H2S. We found that the hif-1 suppressor mutations activate the skn-1/Nrf2 transcription factor. Activation of SKN-1 by hif-1 suppressor mutations increased the expression of a subset of H2S-responsive genes, consistent with our previous finding that skn-1 plays a role in the transcriptional response to H2S. Using transgenic rescue, we show a single gene, rhy-1, alone is sufficient to protect hif-1 mutant animals in H2S. Our data indicate that RHY-1 acts in concert with CYSL-1, an orthologue of human cystathionine b-synthase, to promote survival in H2S. The rhy-1 gene encodes a predicated O-acyltransferase enzyme that has previously been shown to negatively regulate HIF-1 activity. Our studies reveal a novel function of RHY-1, which is independent of hif-1, that protects against toxic effects of H2S.
Introduction
Hydrogen sulfide (H2S) is endogenously produced by animal cells that has various roles in cellular signaling (Li et al., 2011) . Exposure to low levels of exogenous H2S induces a suspendedanimation like state in rodents that is associated with increased survival in whole-body hypoxia and improved outcome in models of ischemia-reperfusion injury (Blackstone and Roth, 2007; Jensen et al., 2017; Wu et al., 2015) . However, H2S is also a common environmental toxin, and human exposure is associated with respiratory and neurological dysfunction (Malone Rubright et al., 2017) . In C. elegans, exogenous H2S increases lifespan and protects from hypoxia-induced protein aggregation (Miller and Roth, 2007; Fawcett et al., 2015) , suggesting that protective physiological effects of exposure to low H2S may be conserved.
In C. elegans, the hif-1 and skn-1 transcription factors mediate the initial transcriptional response to exogenous H2S (Miller et al., 2011) . HIF-1 is a conserved bHLH transcription factor that coordinates the transcriptional response to hypoxia in metazoans (Semenza, 2012) . All of the genes induced within one hour of exposure to H2S are dependent on hif-1 (Miller et al., 2011) , and animals with mutations that disrupt hif-1 die when exposed to low H2S (Budde and Roth, 2010) . HIF-1 activity is regulated posttranslationally in response to O2 availability. HIF-1 is hydroxylated at a specific proline residue by the EGL-9 prolyl hydroxylase in a reaction that requires molecular O2, and hydroxylated HIF-1 is recognized by the E3 ubiquitin ligase VHL-1 and subsequently degraded (Epstein et al., 2001; Maxwell et al., 1999) .
In H2S, EGL-9 associates with CYSL-1, one of four C. elegans orthologues of human cystathionine bsynthase, and HIF-1 protein accumulates (Budde and Roth, 2010; Ma et al., 2012) . SKN-1 is an orthologue of Nrf2 (Walker et al., 2000) that is required for specification of the pharynx and intestine during embryogenesis (Bowerman et al., 1992) . In adults, skn-1 coordinates a Phase II -like response to oxidative stress (An and Blackwell, 2003) . A subset of early transcriptional responses to H2S are disrupted by depletion of skn-1, and skn-1 mutant animals die when exposed to low H2S (Miller et al., 2011) . Postembryonic SKN-1 activity is regulated by phosphorylation (An et al., 2005; Kell et al., 2007) and association with the WD40 repeat protein, WDR-23, which promotes the degradation of SKN-1 (Choe et al., 2009) . In mammals, Nrf2 is activated by H2S and is associated with protective effects of H2S in myocardial ischemia and oxidative stress resistance (Calvert et al., 2009; Yang et al., 2013) .
In this study, we used a forward genetic screen to find mutations that suppress the lethality of hif-1 mutant animals in low H2S. Although the entire transcriptional response to H2S is abrogated in hif-1 mutant animals (Miller et al., 2011) , we recovered six mutations that by-pass the requirement for hif-1 in H2S. Cloning these mutations identified two gain-of-function alleles of skn-1 and three loss-of-function alleles of wdr-23. The mutations we recovered are specific for the function of HIF-1 in H2S, as they do not suppress hif-1 phenotypes in hypoxia or cyanide. We demonstrate that the protective effects of increased SKN-1 activity are due to increased expression of rhy-1. The rhy-1 gene encodes a predicted acyltransferase that functions as a negative regulator of HIF-1 (Shen et al., 2006) . We show that expression of rhy-1 is both necessary and sufficient for hif-1(ia04) mutant animals to survive exposure to H2S. RHY-1 requires CYSL-1, a cysteine synthase-like factor, but not the EGL-9 prolyl hydroxylase, to suppress the lethality of hif-1(ia04) mutant animals expose to H2S. Together, our data demonstrate that RHY-1 has a previously unidentified function that promotes survival in H2S, independently of HIF-1.
Results

Activation of SKN-1 suppresses lethality of hif-1(ia04) in H2S
In C. elegans, the conserved transcription factor HIF-1 is essential to survive exposure to low H2S (Budde and Roth, 2010) . In order to identify genetic factors that work with HIF-1 in H2S, we performed a forward-genetic screen to recover mutations that suppressed the lethality of hif-1(ia04) mutant animals exposed to 50 ppm H2S. The hif-1(ia04) mutation is a predicted null allele, removing 1,231 bp including 3 exons and is a predicted molecular null (Jiang et al., 2001) . We chose to use 50 ppm H2S, as this concentration is invariably lethal to hif-1 animals but increases lifespan and reduces protein aggregation in wild-type animals (Fawcett et al., 2015; Miller and Roth, 2007) . We hypothesized that genes identified by this screen would act either downstream or in parallel to HIF-1 in the response to H2S.
Our screen isolated 6 independent alleles that bypassed the requirement for HIF-1 in H2S. We refer to these as suh mutations, for suppressor of hif-1 in H2S ( Figure 1A ). In the screen for the suh alleles, we isolated 15 surviving animals after exposing 620,000 mutagenized P0 hif-1(ia04) to H2S. Ten of these mutants had the same genetic lesion suggesting a "jackpot", where multiple animals contain a lesion from a single mutagenic event. We included only one representative of this group (uwa02) in our studies. The suh mutations do not rescue survival of embryos in H2S, as hif-1(ia04); suh mutant embryos laid in the H2S environment were not viable (data not shown).
All of the recovered alleles were recessive for suppressing loss of hif-1 in H2S except uwa06. The five recessive mutations were grouped into three complementation groups by measuring the survival of trans-heterozygotes of different Suh alleles (Supplemental Figure 1 ). One group included uwa05, uwa15
and uwa13, which all failed to complement one another. The other two complementation groups included one allele each, uwa14 and uwa02. These data indicate our screen is not saturation, and suggest there could be other genes that could mutate to the Suh phenotype.
We cloned the mutations that confer the Suh phenotype using whole genome sequencing, comparing mutant sequences (uwa02, uwa14, uwa05 and uwa15) to the parental hif-1(ia04) strain (Minevich et al., 2012) . We found that uwa05 and uwa15, which are in the same complementation group, both contained variations in the wdr-23 gene: in uwa05 we found a C to T transition that changed Q81 to an ochre stop, and in uwa15 strain there was a G to A transition that disrupts a splice-site donor between the 9 th and 10 th exon of wdr-23 ( Figure 1C ). We directly sequenced the wdr-23 locus of uwa13, the third mutant strain in this complementation group, and identified a G to A transition that introduced an A270T missense mutation in the seventh exon, near several other missense mutations that have been shown to disrupt WDR-23 function ( Figure 1C ; Hasegawa and Miwa, 2010) . Because these mutations were all recessive and included one allele with a premature stop codon, we predicted they would be loss-offunction alleles of wdr-23. To test this possibility, we asked whether wdr-23(RNAi) would recapitulate the Suh phenotype in hif-1(ia04) mutant animals. Consistent with this hypothesis, we found that 78% of hif-1(ia04) animals grown on wdr-23 RNAi survived exposure to 50 ppm H2S, whereas none of the animals grown on the control RNAi survived ( Figure 1A ). We conclude that disruption of wdr-23 bypasses the requirement for HIF-1 in H2S.
WDR-23 is a WD-40 repeat protein that acts with the CUL-4/DDB-1 ubiquitin ligase to target SKN-1 for degradation, acting analogous to Keap1 regulation of Nrf2 in mammals (Choe et al., 2009; Kobayashi et al., 2004) . Reduction in WDR-23 function leads to an increase in SKN-1 transcriptional activity and increased stress resistance, and lifespan, and these wdr-23-knockout phenotypes are dependent on skn-1 (Choe et al., 2009; Tang and Choe, 2015) . We had previously found that skn-1 was involved in mediating the transcriptional response to H2S (Miller et al., 2011) . These facts suggested that increased SKN-1 activity suppressed the lethality of hif-1(ia04) mutant animals in H2S. Consistent with this hypothesis when we depleted skn-1 by RNAi the Suh phenotype of uwa06, uwa02, and wdr-23 was abrogated ( Figure 1B ). We also asked if expression of the Pgst-4::gfp fluorescent reporter, which exhibits increased fluorescence in conditions where SKN-1 activity is increased (An and Blackwell, 2003) , was induced in animals with suh alleles (Supplemental Figure 2 ). As expected from our previous microarray data, Pgst-4::gfp is not induced by exposure to 50 ppm H2S in wild-type animals (Miller et al., 2011) .
However, we observed strong expression of the Pgst-4::gfp reporter in Suh strains without exposure to H2S. In wdr-23 mutant animals (suh alleles uwa05, uwa13 and uwa15), GFP expression was only observed in homozygous mutant animals, whereas the skn-1(gf) alleles uwa06 and uwa02 increased expression of the reporter even as heterozygotes.
We reasoned that if increased SKN-1 activity could suppress the requirement for HIF-1 in H2S, some of the suh alleles we recovered may be gain-of-function mutations in SKN-1. Previous screens for mutations that increase expression of Pgst-4::gfp had identified gain-of-function mutations in SKN-1 (Paek et al., 2012) . Consistent with this, we found a G at A transition in the skn-1 coding sequence that introduced an E237K substitution in the whole-genome sequence of the uwa02 strain and, by directly sequencing the skn-1 locus, we found the dominant uwa06 allele contains an R131C substitution in skn-1 ( Figure 1C ). The E237K substitution in uwa02 is the same change as reported for skn-1(lax188) gain-offunction allele (Paek et al., 2012) . The fact that expression of Pgst-4::gfp is expressed in animals with the uwa02 and uwa06 alleles (Supplemental Figure 2) is consistent with previous observations that skn-1(gf) alleles can act dominantly to increase transcription of targets (Paek et al., 2012) .We also determined that previously isolated skn-1(gf) alleles, lax188 and lax120, both suppressed the lethality of hif-1(ia04) animals in H2S ( Figure 1A ). We conclude that activation of SKN-1 promotes survival in H2S independently of HIF-1.
Despite whole genome sequencing, uwa14, remains uncloned. We did not find any changes in either the wdr-23 or skn-1 loci in this strain, and this allele does not induce expression of Pgst-4::gfp.
These data suggest that uwa14 acts in a separate pathway from wdr-23 and skn-1. We have not further characterized this allele at this time.
Suppressors of hif-1 lethality specifically promote survival in H2S
Although we have focused on the role of HIF-1 in H2S, the conserved HIF-1 transcription factor is best known for its role in coordinating the transcriptional response to hypoxia. In C. elegans, hif-1 is required for embryos to survive exposure to hypoxia (Jiang et al., 2001; Nystul and Roth, 2004) . We found that hif-1(ia04); suh mutant embryos died in hypoxia similar to hif-1(ia04) embryos ( Figure 2A ). This result suggests that activation of SKN-1 is not sufficient to compensate for the loss of hif-1 in hypoxia. Alternatively, it could be that this mechanism is not active during embryogenesis. skn-1 is required during embryogenesis for the appropriate development of the mesendoderm, which may preclude its activation in response to stress (Bowerman et al., 1992) . To address this possibility, we measured egg-laying of adult C. elegans in 5,000 ppm O2. In this condition, wild-type animals continue to produce and lay eggs, while hif-1(ia04) animals enter into a hypoxia-induced diapause (Miller and Roth, 2009 ). We found egg-laying in hif-1(ia04); suh double mutants was similar to the hif-1(ia04) animals ( Figure 2B ). Together, these data are consistent with the interpretation that suh alleles do not suppress the loss of hif-1 in hypoxia. The fact that activating SKN-1 suppresses the loss of hif-1 in H2S but not hypoxia supports the hypothesis that different stresses result in activation of distinct HIF-1-mediated responses. This is consistent with our previous observation that there is little overlap in the targets of the hif-1dependent transcriptional responses to hypoxia and H2S (Miller et al., 2011) .
In addition to its role in mediating the transcriptional response to hypoxia, HIF-1 mediates the response to hydrogen cyanide (HCN) and protects against fast-killing by Pseudomonas aeruginosa (Darby et al., 1999; Gallagher and Manoil, 2001; Shao et al., 2010) . HCN has been proposed to share the same mechanisms of toxicity as H2S (Cooper and Brown, 2008) , and genetic evidence suggests that C.
elegans have a common response to H2S and HCN . In this scenario, we would predict that the suh alleles would also confer protection against HCN. However, when we measured the survival of animals exposed to gaseous HCN we observed that most hif-1(ia04); suh double mutants were equally sensitive to HCN as hif-1(ia04) single mutant animals ( Figure 2C ). The one exception was the hif-1(ia04); skn-1(uwa06) double mutant, which has a slight increase in viability relative to hif-1(ia04) animals. These data show that the hif-1-mediated resistance to H2S and HCN toxicity are genetically separable, which argues against the hypothesis that there is a common mechanism for detoxification of HCN and H2S. This observation is consistent with the fact that treatments for cyanide poisoning are not generally effective at treating and H2S toxicity in mammals (Jiang et al., 2016) .
rhy-1 is necessary and sufficient to suppress hif-1 lethality in H2S
Both HIF-1 and SKN-1 are transcription factors that mediate early transcriptional responses to H2S (Miller et al., 2011) , suggesting the possibility that activation of SKN-1 by the suh alleles could induce expression of H2S-responsive genes required for survival. We first asked if any of the known H2S-inducible genes were constitutively induced by activation of skn-1 ( Figure 3A ). We measured transcript abundance of H2S-induced genes in hif-1(ia04); skn-1(uwa02) double mutant animals using qRT-PCR (Miller et al., 2011) . In animals that had not been exposed to H2S, four of these transcripts were more abundant in hif-1(ia04); skn-1(uwa02) animals compared to N2 controls: nspe-3, nit-1, dhs-8 and rhy-1. To determine if expression of these genes alone is sufficient to confer the Suh phenotype, we generated extrachromosomal arrays expressing all four of the genes up-regulated in the skn-1(uwa02) mutation ( Figure 3B ). We also included R08E5.1 in these arrays based on preliminary experiments that suggested it was induced by H2S in hif-1(ia04); skn-1(uwa02) mutant animals (this result was not reproducible). Each gene, with its native promoter and 3' UTR, was amplified from genomic DNA and the PCR products mixed and injected into the gonads of hif-1(ia04) animals to generate a multicopy extrachromosomal array, uwaEx09, that drove expression of these five genes. The hif-1(ia04); uwaEx09 animals survived exposure to H2S ( Fig 3B) , suggesting that increased expression of one or more of the genes induced by activation of SKN-1 accounts for the observed Suh phenotype.
To further define which of the transcripts up-regulated by activation of SKN-1 are required for hif-1 mutant animals to survive exposure to H2S, we generated transgenic animals with different combinations of the 5 genes in the original array ( Figure 3B ). We found that two separate arrays containing only genomic rhy-1 (uwaEx10 and uwaEx11) rescued the lethality of hif-1(ia04) mutant animals in H2S ( Figure 3B ). All other arrays containing either a single genes or combinations of genes that did not include rhy-1 did not suppress lethality of hif(ia04) animals in H2S ( Figure 3B ). This result indicates increased expression of rhy-1 alone is sufficient to bypasses the requirement for hif-1 in H2S.
Consistent with this assertion, we found that rhy-1 mRNA was more abundant in the wdr-23(uwa05), skn-1(uwa06) and wdr-23(uwa13) Suh strains (Supplemental Figure 4 ). To determine if rhy-1 was also necessary for the Suh phenotype, we exposed hif-1(ia04); rhy-1(ok1402) mutant animals to wdr-23 (RNAi) to increase the activity of SKN-1. We found that hif-1(ia04); rhy-1(ok1402) double mutant animals on wdr-23 RNAi died when exposed to H2S, whereas hif-1(ia04) single mutants in the same experiment survived as expected ( Figure 4A ). Together, these results show that rhy-1 is both necessary and sufficient to bypass the requirement of hif-1 in H2S.
RHY-1 acts with CYSL-1 to promote survival in H2S independently of HIF-1
Our data show that RHY-1 is necessary and sufficient for hif-1(ia04) mutant animals to survive exposure to H2S. This is a new function for RHY-1, which was first characterized as a negative regulator of HIF-1 activity (Ma et al., 2012; Shen et al., 2006) . Insofar as constitutive activation of HIF-1 increases survival of C. elegans in H2S (Budde and Roth, 2010) , we predicted that these mutants would be resistant to high H2S. Consistent with this, we found that rhy-1(ok1402) mutant animals (with wild-type hif-1) survive exposure to high H2S (150 ppm; Figure 4B ). The resistance to high H2S depended entirely on hif-1, as hif-1(ia04); rhy-1(ok1402) double mutants died when exposed to H2S. This is similar to increased resistance to H2S observed in egl-9 and vhl-1 mutant animals (Budde and Roth, 2010) , consistent with the notion that RHY-1 is a negative regulator of HIF-1 (Shen et al., 2006) .
One mechanism that RHY-1 could be improving survival of hif-1(ia04) mutant animals in H2S is by increasing the activity of SQRD-1. SQRD-1 is the C. elegans orthologue of the sulfide-quinone oxidoreductase that catalyzes the initial step in the mitochondrial oxidation of sulfide (Hildebrandt and Grieshaber, 2008) . In C. elegans, sqrd-1 upregulation in response to H2S exposure requires hif-1 and sqrd-1 mutant animals die when exposed to H2S (Miller and Roth, 2011; Budde and Roth 2011) . We reasoned that if RHY-1 was acting through SQRD-1, then sqrd-1 would be required for the Suh phenotype of wdr-23(RNAi). However, we found that RNAi of wdr-23 rescued the lethality of sqrd-1(tm3378) mutant animals exposed to H2S ( Figure 5A ). Moreover, we did not observe increased abundance of sqrd-1 transcript in hif-1(ia04); skn-1(uwa02) double mutant animals ( Figure 3A) . These data argue that the survival of suh mutant animals in H2S does not result from increased detoxification of H2S by SQRD-1.
Stabilization of HIF-1 by loss-of-function mutations in rhy-1 increases expression of hif-1-target genes and disrupts a behavioral response in which worms increase locomotion when moved to room air after a short exposure to anoxia (Ma et al., 2012; Shen et al., 2006) . These rhy-1 phenotypes are suppressed by mutations in cysl-1, a member of the cystathionine-beta synthase/cysteine synthase family of type-II pyridoxal-5¢-phosphate (PLP) dependent proteins with O-acetylserine sulfhydrase activity in vitro (Vozdek et al., 2013) . In H2S, CYSL-1 has been shown to physically interact with the EGL-9 prolyl hydroxylase to prevent it from hydroxylating HIF-1, thereby leading to the stabilization of HIF-1 protein in H2S (Ma et al., 2012) . We therefore considered the possibility that rhy-1 also acts with cysl-1 in the hif-1-independent response to H2S.
CYSL-1 physically interacts with EGL-9 and this interaction is stimulated by H2S and negatively regulated by RHY-1 ( Figure 5A , Ma et al., 2012) . EGL-9 is a negative regulator of HIF-1, but there is also evidence that EGL-9 has roles independent of its HIF-1 regulatory activity (Shao et al., 2009) . We therefore tested whether EGL-9 worked with RHY-1 and CYSL-1 independently of hif-1 in H2S. We found that activation of SKN-1 by RNAi of wdr-23 could rescue hif-1(ia04); egl-9 (sa307) double-mutant animals exposed to H2S ( Figure 5B ). This result shows that egl-9 is not required for increased SKN-1 activity to bypass the requirement for hif-1 in H2S, implying that the physical interaction between CYSL-1 and EGL-9 is not involved.
We next asked whether cysl-1 is required, like rhy-1, for the SKN-1-mediated Suh phenotype. As has been previously reported, we found that cysl-1(ok762) mutant animals die when exposed to 50 ppm H2S . This lethality was suppressed by RNAi of egl-9 ( Figure 5E ), consistent with cysl-1 acting to positively regulate hif-1 upstream of egl-9 (Ma et al., 2012) . In contrast, activation of SKN-1 by wdr-23 RNAi did not rescue cysl-1(ok762) mutant animals exposed to H2S ( Figure 5B ). Therefore, both rhy-1 and cysl-1 are required for the Suh phenotype in animals with increased activation of SKN-1. Corroborating this observation, cysl-1(ok762); hif-1(ia04); skn-1(uwa02) triple mutants died when exposed to H2S ( Figure 5C ). We conclude that cysl-1 is necessary for the RHY-1 to promote survival in hif-1(ia04) mutant animals exposed to H2S.
In order to determine if expression of CYSL-1 was sufficient to bypass the requirement for hif-1 in H2S we generated a cysl-1 overexpression transgenic line by amplifying genomic cysl-1 with ~2 KB upstream to include the native promoter region and ~500 bp downstream of the genomic locus (Wormbase WS204, http://ws204.wormbase.org/). This construct produced functional CYSL-1, as it rescued the H2S-sensitivity of cysl-1(ok762) mutant animals ( Figure 5E ). In contrast to overexpression of RHY-1, CYSL-1 overexpression did not rescue hif-1(ia04) lethality in H2S ( figure 5E ). We conclude that cysl-1 is necessary but not sufficient for SKN-1 activity to bypass the requirement of hif-1 in H2S.
Discussion
We have found that expression of RHY-1 can bypass the requirement for HIF-1 in H2S. This is remarkable, since hif-1 is required for all observed initial changes in gene expression induced by a short exposure to H2S (Miller et al., 2011) . The conserved HIF-1 transcription factor has been studied in depth in a variety of organisms; however, to our knowledge, there have not been other genetic factors identified that can suppress the effects of hif-1 loss in any context.
The mutations we recovered do not rescue hif-1 phenotypes in hypoxia or cyanide, suggesting genetically independent roles for HIF-1 in different stress conditions. This is consistent with our previous observation that there was little overlap in hif-1-dependent changes in gene expression when C. elegans are exposed to hypoxia or H2S (Miller et al., 2011) . However, these results also suggest that toxicity of H2S and HCN result from fundamentally different mechanisms, as RHY-1 can promote survival in H2S but not HCN. It is generally posited that H2S and HCN toxicity arise from inhibition of cytochrome c oxidase, though the mechanisms underlying cytotoxicity are not fully understood (Jiang et al., 2016) .
Indeed, it has long been appreciated that there are distinct requirements for treatment of H2S and HCN poisoning (Smith and Gosselin, 1976) .
One mechanism by which HIF-1 promotes survival in H2S is by induction of SQRD-1, a sulfidequinone oxidoreductase that can oxidize H2S Shibata et al., 1999) . The SQRD-1 sulfide-quinone oxidoreductase activity is conserved from bacteria to mammals (Ackermann et al., 2011) .
Oxidation of H2S by sulfide-quinone oxidoreductase is the first step in metabolism of cellular H2S, followed by further oxidation by the ETHE-1 sulfur dioxygenase (Quinzii et al., 2017) . Decreased activity of ETHE-1 causes ethylmalonic encephalopathy resulting from accumulation of endogenously produced H2S in mammals (Tiranti et al., 2009) , and C. elegans with mutations in either sqrd-1 or ethe-1 die when exposed to low H2S . We have found that RHY-1 can suppress lethality of sqrd-1 mutant animals. This result suggests that there may be a novel H2S metabolism pathway that does not require oxidation by sulfide-quinone oxidoreductase.
Although there are a variety of acyl-transferases with unknown functions coded for in the human genome, the closest orthologue to RHY-1, ACYL3, has been lost in the primate lineage after the divergence of gorillas from the human lineage (Zhu et al., 2007) . In wild-type animals exposed to H2S, RHY-1 negatively regulates HIF-1 by preventing CYSL-1 from inhibiting EGL-9 (Ma et al., 2012) . In contrast, we have found that RHY-1 and CYSL-1 are both necessary to promote survival in H2S independently of HIF-1. It is not clear how RHY-1, an integral membrane protein in the endoplasmic reticulum (Shen et al., 2006) , regulates the activity of CYSL-1, a cytoplasmic enzyme. Understanding the mechanistic basis of this RHY-1 activity could lead to the development of novel treatments for H2S poisoning and could provide a therapeutic target to modulate the activity of H2S signaling.
Materials and Methods
Strains:
Caenorhabditis elegans strains were cultured at 20 °C on NGM plates with OP50 E. coli. Strains used were: ZG31 [hif-1(ia04) V], RB1297 [rhy-1(ok1402) II], RB899 [cysl-1(ok762) X], CB6088 [egl-9(sa307); hif-1(ia4) V.], CL2166 (dvIs19 [(pAF15)gst-4p::GFP::NLS] III), and sqrd-1(tm3378) V.
Strains SPC167 [dvIs19 III; skn-1(lax120) IV] and SPC168 [dvIs19 III; skn-1(lax188) IV] were provided by Dr. Sean Curran (University of Southern California). Strains generated in this work are hif-1(ia04); skn-1(uwa02) IV, DLM23 hif-1(ia04); skn-1(uwa06) IV, DLM22 hif-1(ia04); wdr-23(uwa05) I, hif-1(ia04); wdr-23(uwa13) I, and DLM24 hif-1(ia04); wdr-23(uwa15) I. Double and triple mutants were generated using standard genetic techniques, and genotypes were verified by PCR genotyping. Primer sequences are available upon request.
Transgenic strains were generated as in (Mello et al., 1991) . To generate extrachromosomal arrays, 10ng/µl of the gene of interest, amplified by PCR from genomic DNA, and co-injection reporter (Pmyo-2::RFP or Pmyo-3::RFP) were co-injected with Yeast Centromere Plasmid prs415 filler DNA to a final concentration of 100 ng/µl. Genomic overexpression constructs were amplified from N2 genomic DNA with primers to include 1-2 kb upstream and downstream of coding regions.
H2S exposure:
C. elegans were exposed to H2S in atmospheric boxes perfused with H2S continuously diluted into room air to generate stable atmospheres with 50 or 150 ppm H2S in room air, as previously described (Cox and Spradling, 2006) . 50 ppm H2S was used in all experiments unless otherwise stated. Source tanks of compressed H2S gas (5,000 ppm balanced with N2) were purchased from Airgas (Seattle, WA). Mixing was achieved using SmartTrak mass flow controllers (Sierra Instruments). H2S concentrations were verified with PowerLab (ADinstruments) detection of H2S as compared to a verified 100 ppm H2S standard (Airgas) as described (Miller and Roth, 2007) . Experiments were conducted at room temperature. Matched controls were perfused with room air and maintained at the same temperature in the hood. To score survival, 10-20 L4 animals were picked to NGM plates with OP50 and exposed to 50ppm H2S for 16 hours. Survival was scored immediately after removal from the H2S atmosphere.
EMS mutagenesis:
hif-1(ia04) C. elegans were synchronized by bleaching and grown to L4. 20 µL of EMS was added to 4mL of worms in M9 buffer and rotated for 4 hours at room temperature. The mutagenized worms were pelleted and washed with M9 with 0.01% SDS to prevent worms from sticking to the tube and plated on HG plates to recover overnight. The gravid mutagenized P0 animals were bleached and the F1 progeny were grown on HG plates to adulthood, then bleached to isolate F2 embryos. F2 eggs were plated on NGM plates with OP50 and grow to L4 in room air. The F2 L4s were exposed to 50ppm H2S for 16 hours. Animals that survived H2S exposure were singled and re-tested for survival 3 times. These surviving animals were then outcrossed 4 or more times before use.
Whole Genome Sequencing and Analysis:
Genomic DNA was prepared with Puregene Core Kit A (Qiagen). When necessary, DNA was further purified by phenol-chloroform extraction and ethanol precipitation. Samples were sequenced at the University of Utah Sequencing Core and analyzed using a modified Cloudmap workflow on usegalaxy.org to generate a list of SNPs as compared to the parent hif-1(ia04) strain (Minevich et al., 2012) .
Quantitative RT-PCR:
Total RNA was isolated from ~9000 bleach-synchronized young adult C. elegans. For H2S exposed samples, young adult C. elegans were exposed to 50 ppm H2S for 1 hour prior to RNA harvest.
Alternatively, mixed populations of C. elegans were harvested off 10 cm NGM plates for rhy-1 qRT-PCR. Animals were harvested in M9 buffer, and 100µL of packed animals added to 1mL TRIzol RNA isolation reagent (Life Technnologies), and flash frozen in liquid nitrogen. mRNA was isolated following the manufacturer's protocol, and then cDNA was synthesized from 5µg RNA using polyT primers included with Superscript III Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions. Each 10µL qPCR reaction contained 1µL cDNA and 5µL 2X Sybr Green Master Mix (Kappa Biosystems). Primers were added using a 0.2µL pin tool. Absorbance was measured over 40 cycles using a Mastercycler RealPlex 2 (Eppendorf). The threshold cycle (Ct) for each sample was measured using the provided software, and normalized to hil-1 and irs-2 controls to generate ΔCt values as previously described (Miller et al., 2011) . ΔΔCt was calculated as the change in ΔCt between animals of the same genotype exposed to H2S and room air controls or between C. elegans strains exposed to the same conditions. Figures show average ΔΔCt ± standard deviation for at least 3 independent replicates.
H2S survival:
For survival assays, a minimum of 10 L4 C. elegans were picked to a 3 cm NGM plate seeded with OP50 bacteria. The plates were then exposed to 50 ppm H2S for 16 hours and survival was scored by visual inspection immediately after removal from H2S. Animals were considered dead if they did not respond to prodding with a platinum wire. For RNAi H2S survival, 3 cm RNAi plates were seeded with 30µL of log-phase RNAi bacterial culture. The next day, gravid animals were placed in a spot of bleach on the RNAi plates and allowed to grow at 20 °C until L4. The L4 animals were then exposed to H2S for 16 hours and survival was scored upon removal from H2S.
Hypoxia response assays:
Hypoxic environments were constructed by continuously flowing 5,000 ppm O2 (balance N2) through environmental boxes, as previously described (Fawcett et al., 2012) . Premixed tanks with 5,000 ppm O2/N2 were purchased from Airgas (Seattle, WA) and certified standard to be within 2% of the desired O2 concentration.
To measure the rate of egg-laying in hypoxia, 3 cm plates with OP50 were ringed with palmitic acid to create a physical barrier to keep C. elegans on the agar media as in (Miller and Roth, 2009 ). 1-6 adult worms were picked to each plate and exposed to 5000 ppm O2 for 20 h and number of eggs laid per was scored. Plates in which all the adult animals could not be accounted for were censored and excluded from the analysis.
To assay embryo viability in hypoxia, gravid adult worms were chopped with a razor blade in a drop of M9 buffer on a glass slide. The dissected embryos were transferred to a 3 cm NGM plate by mouth pipet and then exposed to hypoxia for 20 h. After hypoxic exposure, the number of eggs that had not hatched and the number of larvae were counted to calculate viability.
Cyanide viability assay:
To generate gaseous environments with defined concentrations of HCN, 125 mg of NaCN was freshly dissolved in 10mL M9. In a fume hood, defined amounts of cyanide were placed into the empty lid of a 3cm plate in a 2.5L Anaeropack box (Mitsubishi Gas Chemical Co., Inc.) that contained plates with 10-20 L4 animals of each strain on OP50. An equal volume of 14 M HCl was added to the drop of NaCN to volatilize HCN, and the box was rapidly sealed. The amount of HCN generated was calculated assuming 100% conversion of NaCN to gaseous HCN in the 2.5 L box. After 16 h, the box was opened and plates removed to score the number of animals that survived.
Pgst-4::GFP expression:
L4 C. elegans were picked into 50 mM sodium azide to paralyze the animals and placed on a 2% agarose pad for visualization. C. elegans were visualized on a Nikon Eclipse 90i and pictures were taken with an Andor Zyla sCMOS camera. f -1 ( i a 0 4 )   h i f -1 ( i a 0 4 ) ; s k n -1 ( u w   a 0 2 )   h i f -1 ( i a 0 4 ) ; s k n -1 ( u w   a 0 6 )   h i f -1 ( i a 0 4 ) ; w   d r -2 3 ( u w   a 0 5 )   h i f -1 ( i a 0 4 ) ; w   d r -2 3 ( u w   a 1 3 )   h i f -1 ( i a 0 4 ) ; u w   a 1 4   h i f -1 ( i a 0 4 ) -1 ( i a 0 4 ) ; s k n -1 ( l a x 1 2 0 )  h i f -1 ( i a 0 4 ) ; s k n -1 ( l a x 1 8 8 Figure 1 . Screen to suppress hif-1 lethality in H 2 S isolated mutations that increase SKN-1 activity. A. Mutant strains isolated in a forward genetic screen for suppressors of hif-1 lethality in H 2 S (Suh phenotype). The mean survival of recovered mutant strains is shown after 16 h in 50 ppm H 2 S. N2 is wildtype, lax alleles are skn-1 gain-of-function alleles from other groups (Paek et al., 2012) . Data are average of 10-13 independent experiments, and each replicate experiment included at least 10 animals. Error bars are SEM. B. skn-1 is required for suh mutant survival in H 2 S. Animals were grown on skn-1(RNAi) food (filled bars) or control L4440 food (open bars) and then exposed to 50 ppm H 2 S overnight. Data are average of at least 3 independent experiments. Error bars are standard deviation of the mean. C. Mutations in wdr-23 and skn-1 that confer Suh phenotype. Schematic shows exon structure of wdr-23 and skn-1 (www.wormbase.org WS204). Alleles isolated in this screen are indicated above the schematic. Recovered loss-of-function mutations in wdr-23 (uwa05, uwa13, and uwa15) would affect all 9 predicted isoforms. Gain of function mutations in skn-1 (uwa02 and uwa06) would affect a and c isoforms only. -23 and skn-1 specifically suppress H 2 S phenotypes of hif-1(ia04) mutant animals. A. Embryonic lethality of hif-1(ia04) mutant animals exposed to hypoxia is not rescued by suh alleles. Embryos on plates were exposed to 5,000 ppm O 2 for 24 h, and the fraction that hatched was scored upon removal from hypoxia. Each data set includes at least 10 independent experiments, except hif-1(ia04); wdr-23(uwa05), which includes 6 replicates. Graph show mean viability, error bars are SEM. B. Hypoxia-induced arrest of egg-laying is not suppressed by suh alleles. First day adults were exposed to 5,000 ppm O2 for 20h, and the number of eggs laid was scored. Data are average of 7 independent replicates, with 6 animals for each strain per replicate. Error bars show SEM. C. suh alleles do not suppress hif-1(ia04) sensitivity to HCN. Animals were exposed to each concentration of HCN overnight, and then the number of animals surviving was scored. Each data point is the mean of 2 (0 nM and 100 nM) or 4 (all other HCN concentrations) independent replicates, error bars are SEM. -1 ( i a 0 4 ) ; -1 ( i a 0 4 ) ; 9 . 2 r h y -1  s q r d -1 c y s l -2 10 20 30 hif-1(ia04); skn-1(uwa02 Figure 3. rhy-1 expression is sufficient to suppress hif-1 lethality in H 2 S. A. H 2 S-induced genes are constitutively expressed in skn-1(uwa02gf) mutant animals. The mRNA abundance of each gene was measured by qRT-PCR in hif-1(ia04); skn-1(uwa02) and N2. Each measurement was repeated in three independent experiments with three technical replicates in each experiment. Relative expression levels were calculated with DDC t , graph shows average fold change between strains. Error bars are SD. B. Transgenic expression of RHY-1 suppresses hif-1 lethality in H 2 S. Genomic DNA for each gene was amplified and injected into hif-1(ia04) mutant animals to generate multi-copy extrachromosomal arrays. Cohorts of animals with each array were exposed to H 2 S overnight as L4. Graph shows average survival from 4-8 independent experiments, with at least 10 animals in each experimental test. Error bars are SEM. All extrachromosomal arrays were in the hif-1(ia04) mutant background; genes included in each array are indicated below the graph. -1 ( o k 1 4 0 2 ) 0.0 0.5
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fraction survived -1 ( i a 0 4 )  h i f -1 ( i a 0 4 ) ;  r h y -1 ( o k 1 4 0 2 Figure 4. rhy-1 is necessary to suppress loss of hif-1 by increased skn-1. A. RNAi of wdr-23 requires rhy-1 to suppress hif-1 lethality in H 2 S. Cohorts of hif-1(ia04) and hif-1(ia04); rhy-1(ok1402) mutant animals were grown on wdr-23 RNAi food or L4440 control food and then exposed to 50 ppm H 2 S overnight as L4/young adult. The number of animals that survived exposure was scored. Data are from 3 (L4440 controls) or at least 10 (wdr-23 RNAi experiments) independent replicates, with at least 10 animals in each cohort. Error bars are SEM. B. In animals with functional HIF-1, mutations in rhy-1 promotes survival in high H 2 S. N2 (wild-type) and rhy-1(ok1402) mutant animals were exposed to 150 ppm H 2 S overnight, and the number of surviving animals was scored. Data are mean of at least 10 independent experiments with at least 10 animals in each cohort. Error bars show SEM. -1 ( i a 0 4 )  h i f -1 ( i a 0 4 ) -1 ( o k 7 6 2 ) h i f -1 ( i a 0 4 ) ; e g l -9 ( s a 3 0 7 ) h i f -1 ( i a 0 4 )   s q r d -1 ( t m   3 3 7 8 -1 ( i a 0 4 )  c y s l -1 ( o k 7 6 2 ) h i f -1 ( i a 0 4 ) ; c y s l -1 ( o k 7 6 2 Figure 5 . RHY-1 acts with CYSL-1 to promote hif-1 independent survival in H 2 S. A. Proposed genetic pathway for RHY-1 regulation of HIF-1, adapted from (Ma et al., 2012) . Animals with mutations in genes encoding proteins in blue die when exposed to low H 2 S. B. Activation of skn-1 by wdr-23(RNAi) requires cysl-1, but not egl-9, to suppress hif-1 lethality in H 2 S. Animals of each genotype were grown on wdr-23(RNAi) food (filled bars) or L4440 control RNAi food (empty bars) and then exposed to 50 ppm H 2 S overnight. The number of animals that survived exposure was scored. The graph shows mean survival from 3-12 independent replicates with at least 10 animals in each cohort. Error bars are SEM. C. cysl-1 is required for Suh phenotype of skn-1(uwa02gf). Animals of each genotype were exposed to 50 ppm H 2 S overnight and the number of animals that survived was scored. Data are from 6-13 independent experiments with at least 10 animals in each cohort. Error bars are SEM. D. cysl-1 is necessary for expression of RHY-1 to rescue hif-1 lethality in H 2 S. Extrachromosomal arrays of rhy-1 were crossed into each strain. The viability of animals carrying the array (filled bars) and siblings that had lost the array (open bars) was scored after exposure to 50 ppm H 2 S overnight. E. Expression of CYSL-1 cannot rescue hif-1 lethality in H 2 S. Animals were incubated in 50 ppm H 2 S overnight, and then the number of surviving animals was scored. Ex[CYSL-1] are transgenic animals that contain an extrachromosomal array with cysl-1 genomic DNA. -1 ( i a 0 4 )  h i f -1 ( i a 0 4 ) ;  s k n -1 ( u w   a 0 2 )   h i f -1 ( i a 0 4 ) ;   s k n -1 ( u w  a 0 2 ) ; c y s l -1 ( o k 7 6 2 -1 ( o k 7 6 2 ) h i f -1 ( i a 0 4 ) ; e g l -9 ( s a 3 0 7 ) h i f -1 ( i a 0 4 )   s q r d -1 ( t m   3 3 7 8 -1 ( i a 0 4 )  c y s l -1 ( o k 7 6 2 ) h i f -1 ( i a 0 4 ) ; c y s l -1 ( o k 7 6 2 -1 ( i a 0 4 )  h i f -1 ( i a 0 4 ) ;  s k n -1 ( u w   a 0 2 )   h i f -1 ( i a 0 4 ) ;   s k n -1 ( u w  a 0 2 ) ; c y s l -1 ( o k 7 6 2 -1 ( o k 7 6 2 ) h i f -1 ( i a 0 4 ) ; e g l -9 ( s a 3 0 7 ) h i f -1 ( i a 0 4 )   s q r d -1 ( t m   3 3 7 8 -1 ( i a 0 4 )  c y s l -1 ( o k 7 6 2 ) h i f -1 ( i a 0 4 ) ; c y s l -1 ( o k 7 6 2 -1 ( i a 0 4 )  h i f -1 ( i a 0 4 ) ;  s k n -1 ( u w   a 0 2 )   h i f -1 ( i a 0 4 ) ;   s k n -1 ( u w  a 0 2 ) ; c y s l -1 ( o k 7 6 2 -1 ( o k 7 6 2 ) h i f -1 ( i a 0 4 ) ; e g l -9 ( s a 3 0 7 ) h i f -1 ( i a 0 4 )   s q r d -1 ( t m   3 3 7 8 -1 ( i a 0 4 )  h i f -1 ( i a 0 4 ) ;  s k n -1 ( u w   a 0 2 ) h i f -1 ( i a 0 4 ) ;   s k n -1 ( u w  a 0 2 ) ; c y s l -1 ( o k 7 6 2 -1 ( o k 7 6 2 ) h i f -1 ( i a 0 4 ) ; e g l -9 ( s a 3 0 7 ) h i f -1 ( i a 0 4 )   s q r d -1 ( t m   3 3 7 8 hif-1(ia04) hif-1(ia04); skn-1(uwa02) hif-1(ia04); wdr-23(uwa05) hif-1(ia04); skn-1(uwa06) hif-1(ia04) 50 ppm H2S hif-1(ia04); wdr-23(uwa13) hif-1(ia04); wdr-23(uwa15) Supplemental Figure 1 . Complementation analysis of suh alleles. Progeny of matings between males (as indicated on the left column) and hermaphrodites with the genotype indicated in the top row were exposed to H 2 S. If a majority of heterozygous animals survived H 2 S, indicating noncomplementation, the cells are marked with +. Complementing crosses are indicated with -. The two independent complementation groups are colored in cyan and magenta. Figure 2 . suh mutations increase SKN-1 activity. Representative images of animals with the Pgst-4::gfp transgene. There was no expression of GFP in hif-1(ia04) animals, even after exposure to 50 ppm H 2 S. Sscale bar is 100 µM. after exposure to 50 ppm H 2 S for 1 h. Average fold change calculated from ΔΔC t (ΔC t H2S -ΔC t RA ), error bars show standard deviation. N=3 independent experiments each with three technical replicates for both N2 and hif-1(ia04); skn-1(uwa02).
Supplemental
Supplemental Figure 4 . Increased experession of rhy-1 in suh mutants. rhy-1 mRNA abundance in suh mutant animals, as measured by qRT-PCR. Average fold change in rhy-1 expression between the indicated Suh strain compared to hif-1(ia04). Bars indicated one standard deviation.
